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Introduction 
The· Effect of longitudinal Heat Conduction on 
Periodic-Flow HeatExchanger P formance 
A numerical finite-difference method of calculating the effectiveness for the periodic-flow 
type heat exchanger accounting for the effect of longitudinal heat conduction in the 
direction of fluid flbw is presen'ted. The method considers the metal stream in crossflow 
with eaCh of .the gas streams as two separate but dependent heat exchangers. To ac-
corhmodate the large number of divisions necessary for accuracy and extrapolation to 
zero element area, use was made of a general purpose digital computer. The values of 
the effectiveness thus obtained are good to four significant figures while those values for 
the conduction effect are good to three significant figures. The exchanger effectiveness 
and conduction effect have been evaluated over the following range of dimensionless 
parameters. 
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IN THE analysis of the performance of periodic-flow 
heat exchangers, the differential equations arid boundary condi-
fluid flow, as would be found in heat exchangers constructed with 
continuous flow channels such as tubes, plate-fin, and finned sur-
faCes. The introduction of this finite thermal conductivity re-
quires that the cross-sectional area of the material through which 
heat conduction can occur also be introduced as a variable. Thu& 
it is found that the effectiveness of the heat exchanger is a func-
tion of six dimensionless parameters rather than the usual four. 
To cover the entire range of possible_ application for these six 
parameters would require a rather large volume of tables or 
curves; therefore, the results presented here have been condensed 
to cover the range of interest which would be encountered in gas-
turbine regenerator appliCatiOns. However, the method pre-
sented is not restricted in range of ~he parameters. 
-tions whiCh result when considering the most general case are 
sufficiently complex to preclude a general analytic solution. Thus 
the results of work which are found in the literature [1, 2, 3, 4, 5 ]1 
can be classified by certain simplifying assumptions. The two 
niost general categories are transient and steady-state behavior. 
- Transient behavior, of course, concerns the response of the heat 
exchanger when any of the regular periodic conditions associated 
with steady-state operation are changed. Subdivisions of these 
two categories can th~n be classified as special cases. 
This paper is concer:Q.ed. with the special case of s_teady-state 
operation of the periodic-fl.ow heat exchanger in which the thermal 
, ·conductivity of the exchanger ma,terial is finite in the direction of 
1 Numbers in brackets designate References at end of paper. 
Contributed by the Gas Turbine Power Division and presented at 
the Aviation' and Space, Hydraulic, and Gas Turbine Conference and 
ProductsShow,LosAngeles·, Calif., MarCh3-7, 1963, ofT:a:E AMERICAN 
SOCIETY OF MECHANICAL ENGINEERS. Manuscript received at 
ASME Headquarters·, December 4, 1962. Paper No. 63-AHGT-16. 
Of the more recent"material found in the literature, two of these 
provide the bounds of the present work. Lambertson [6] covers 
the _special case of zero thermal conductivity with finite rotor 
speed or ublow time/' while Hahnemann· [7J covers the special 
case of finite thermal conductivity with infinjte rotor speed or 
11zero blow time." Hahnemann's work1 which was done in 
England in H!48, remained classified until late 1955 and still does 
not seem to be generally available, hence, his resulting analytical 
solution is given. 
---Nomenclature------------'------------- ..... ----
A heat-transfer area on side 
designated by subscript, 
sq ft 
As:i: solid area available for 
longitudinal heat con-
duction on the side of 
Cmax, sq ft 
Asn solid area available for 
longitudinal heat con-
duction on th~ side of 
Cmin, sq.ft-· 
As total solid area available 
for ··. loilgitudinal heat 
c0~Q).19ti01i"; sq ft 
c· = heat'oap'acity rate (We) of 
fluid or matrix accord-
:Journal ·. of-Engineering,!fJir Power 
' 
ing to subs_cript1 Btu/hr, 
deg F . 
c = specific. heat of fluid ( con-
stant pressure) or matrix 
material depending on 
subscript 1 Btu/lb, deg F 
h unit conductance for ther-
mal convective heat 
transfer, Btu/hr, deg F, 
sqft 
k unit· th0rmal conductiv-
ity, Btu/hr, sq ft, deg 
F/ft 
L total lei:J.gth of the matrix 
in the direction of fluid 
flow, ft 






cording to subscript 
temperature of matrix, deg 
F 
subscripted matrix -tem-
perature on the side of 
Cmax, deg F · 
subscripted rrialrix tem-
perature on the side of 
Cmin, deg F 
temperature of fluid, deg F 
subscripted flujd temPera-
ture on the side of Cmri.x, 
dei!;F . 
subscripted fluid tempera-
ture on-the side of Cmin, 
deg F 
(Continued on next page) 
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Method 
The idealizations and boundary conditions asswued in the 
derivation of the governing· differential equations for the periodic-
flow heat exchanger are as follows: 
(hA), /:;T _ C=x 
N"'Nr avg - ~ [l..:(i,i) - lo:{i+t,/}J (1) 
(a) The tht:1'mal conductivity of the heat exchanger matrix is 
~ero in the direction of "metal flow/ 1 finite in the direction of 
fluid flow, and infinite in the third direction which is normal to 
both the fluid and metal flow. 
where AT avg represents the mean temperature difference between 
the fluid and the matrix element. For a small enough element the 
arithmetic mean temperature difference' may be assumed valid, so 
that 
I . I 
ATa\"g = 2 [t:r:(i,i) + l:,;(i+l,i)] - 2 [To:(i,i) + T:e(t,i+1>J. 
(b) Thermal properties of the two fluids and the matrix ma-
terial are constant with temperature and time. 
(c) No mixing of the fluids occurs either as a result of direct 
leakage or carry over. 
The fluid and matrix temperatures are subscripted to indicate the 
average temperatures across the inlet -and outlet of the element 
for simple unmixed cross-flow. 
(d) The convective heat-transfer coefficients and thus the con-
vective conductances between the fluids and the matrix are con-
stant with fl.ow length. 
(e) The fluids pass in counterflow directions. 
Considering the energy balance for an element, the energy 
transferred to the element by convection _ _plus energy transferred 
to and from the element by conduction ~ust equal the energy 
stored in the element: 
(f) Entering fluid temperatures are uniform over the flow inlet 
cross sections and constant with time. 
(g) There is no convective heat exchange at the fluid entering 
or exit cross sections. 
(h) Regular periodic conditions are established for all matrix 
elements; i.e.1 steady-state operation. 
Fig. 1 is a representation of such an axial flow and radial flow 
type rotary regeneratOr. A typical element from each fluid side 
is shown in the schematic representation of Fig. 2. At this point 
it is possible to. take several different approaches to the ,solution 
,of the problem. One approach is to derive the partial differential 
equations by using the rate equations in conjunction with an 
,eriergy balance as was done by Hahnemann. With the further 
assuinption of infinite rotor speed, Hahnemann was able to find 
a closed form analytical solution. Another approaCh, and the 
one which will be used here, was proposed by Dusinberre [8 ]. 
With this method a numerical analysis technique is applied 
directly by subdividing the rot.or into a finite number of elements 
and writing the energy balance relations using the rate equations. 
Repeated use of these .. finite difference equations in some orderly 
iterative scheme eventually results in a particular solution. As 
the number of elements chosen increases, the closer a solution will 
approach that for the differential equations. This was the 
method used by Lambertson but with the assumption that the 
thermal conductivity of the rotor material in the direction of 
fluid fl.ow was zero. 
ILLUSTRATivt M4TAI~ ARRAIIGEMEIIT FOR A~IAL how 
If the elements ·are considered to be fixed in space, then each 
elefilent can be regarded as a cross.flow heat exchanger with a gas 
stream and a metal stream. For an element on the side of Gm.ax, 
the heat-transfer rate by convection is equal to the rate of change 
in enthalpy of the fluid across the element, 
ILLU:HRATIVE MATRIX ARRAI/GEMWT FOi! RAOUL FLOW 
Fig. t 
---Nomenclature----------------------------
W = mass flow rate of fluid 
(lb/hr) or matrix (lb, 
rev/hr), according to 
subscript 
C11·G2, .... 
D1,D2, . .•. 





min minimum magnitude 
max maximum magnitude 
n side of Gmin 
0 = outlet, or overall in the case of 
NTU 0 
X ~ side of Cm,,,x 
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Dimensionless Parameters 
E = heat exchanger effective-




E, ·Ilo conduction 
tlE - E, conduction 
E E, no conduction 
conduction effect 
Gmin/Gme.x Capacity rate ratio of fluid 
streams 
Gr/Cm1n capacity rate ratio of matrix 




NTU (hA)/C = number of trans-
NTUo 
A•* 
fer units on side desig~ 
nated by subscript 
NTU, [ 1 + \hA)*] = 
overall number of trans~ 
fer units 
Asn/ As.: = conduction area 
ratio 
kAsn " = conduction pa-
Gm;nL 
ra.meter on side of Cmin 
kAs.., d . 0 _ -- = con uct1on P"' 
CmaxL 
· rameter on side of Cma"-
kAs = x[1 +-2-] = 
OminL 71 As* 
total conduction pararne-
ter 



































































+ k !~:: [(To:(i-1,11 + T,,(,'---1,i+i)) - (T:,;(i,i) + T:.:(i,f+l))l 
As:.:Nr 
- k 2LN:,; [(T:.:(i,i) + T:.:(i,i+1) - lT:.:(i+l,i) + T:,;(i+t,f+l))J 
C, 
= N (T:.:(i,j+l) - T:,;(i,i}) (2) 
' 
By using equations (1) and (2) the outlet.fluid and metal tem-
peratures for an element on the side of Cmax may be solved for in 
terms of the remaining temperatures and the results expressed in 
equations with dimensionless coefficients. 
Since the longitudinal heat conduction is zero at the ends, the 
energy balance equation is modified from equation (2) for ele-
ments of the first and last row. Three expressions for the matrix 
outlet temperature are thus obtained: 
first row elements 
T:.:(td+t) = D6t:1:rt,i) - D1To:(l,iJ + Da[T:.:(2,i) + ·r:.:c2,i+1il (3) 
Middle row elements 
To:(i,i+I) = Dit:,;(i,i) - D2T,:{i,i) 
+ Da[T,:(i-1,i) + Tw(i-1,f+l) + T:,;(i+t,i) + To:(i+t,i+t)] (4) 
Last row elements 
Tz(Nr,Hl) = D6tz(~r,i) - D1Tw(Nr,i) 
+ Da[T:.:(Nr-t.i) + To:(Nr-l,i+t)] (5) 
By solving for the fluid outlet temperature on the side of Gmax in 
terms of the matrix outlet temperature, from equation (1) only 
one expression is obtained which will hold for all elements on the 
side of Cmax., 
t,.(i+l,f) = D4t,.,i,/) + D6[T,,,c.;i) + T:i::(i,i+til (6) 
Similarly, for an element on the side of Gmin the rate equation 18 
(hA), 
N N ATavg . ' 
Gm;., 




1 ' 1 
D..Tavg = 2 [(Tn(f,g) + Tn(f,u+t))] - 2 [tn(f,u) + tn(f+t,oiJ• 
Energy balance: 
Cmin AsnNr • 
Nn [tn(f+l,o) -tn(f,o)J + k ZLNn [(Tn(f,o) + Tn(f,g+t)) 
AsnN, 
- (Tnl/-1,g) + Tn(/-1,u+i))] - k 
2
LNn [(Tn(f+t,g) + Tnlf+t,u+t)) 
- (Tn(f,g) + Tn(f,u+1))] = ~r [(Tn(f,u) - Tn(f,u+Il)] (8) 
' 
By the same method the three expressions for the outlet matrix 
temperatures may be obtained by using equations (7) and (8). 
First row elements 
Tn(Nr,u+I) = Fetn(Nr,g) - F1Tn(Nr,g) + Fs[Tn(Nr-1,g) + Tn(Nr-1,u+liJ 
(9) 
Middle row elements 
Tn(J,u+l) = F1tn(/,g) - F2Tn(/,g) 
+ Fa[Tn(/-1,o) + Tn(/-1,u+l) + Tn(f+l,g) + Tn(/+1,u+l)] (10) 
last row elements 
Tn(l,u+1) = Fafnr1,u) - F1Tn(l,u) + Fs[Tnr2,u) + Tn(2,u+t)] (11) 
JournaFill Engineering for Power 
Solving for the outlet fluid temperature for elements on the side of 
Gmin from equation(7) gives 
tn(f+l,o) = F4tn(f,o) + Fi;[Tn(/,g) + Tn(/,u+t)] (12) 
which holds for all elements on the side of Cmin• 
There are then eight finite diff~rence equations (3), ( 4), (5), (6), 
(9), (10), (11), and (12) with sixteen dimensionless coefficients. 
Besides the fotir usual dimensionless parameters needed for the 





capacity rate ratio of fluid streams 





] a= overall number of trans-
• 1 + (hA)' 
fer units, 
two additional dimensionless groupings are necessary in these co-
efficients to take the conduction into account. One of these 
groupings will be the ratio of the solid cross-sectional area available 
for conduction on the side of Cmill to the solid cross-sectional area 
available for conduction on the side of Cma:,r.1 
As* = Asn/ As;i:1 conduction area ratio. 
The second dimensionless gr0~p will be a conduction parameter 
which can be defined as 
or 
A:i:: = kAs; = conduction ·parameter on side of Cmax1 
Cma4 
kAsn 
An = == conduction parameter on side of Cmin 
Gm1u.L 
X---- X. 1+-kAs [ 1 ] 
. GminL,, · As* 
= total conduction parameter, 
· with As the total solid area available for conduction 
As = As:.: + Asn· 
This-later .form offers the advantage that foi- a given value of the 
conduction parameter, the resulting heat exchanger effectiveness 
will nOt be greatly affected by small changes in As*. The expres-
sioris for the dimensionless coefficients in terms of the dimension-
less parameters are given in the Appendix and their derivation 
can be obtained from reference [9 ], 
From the schematic representation shown in Fig. 21 it shouli;I be 
T.u.o 
l,,..n '•"·" '"~"'' 
r,.._,_, 
, .... ,1, 
I 
T,.._,,.,i 
' .... ,1 
r.,,,., 
t,, .... ,,, 
"""·" 
T~'-" T,u-,.,> 
s, .. "" c,.. 
'·"""·""' 
1,.,.,,,.,1 
'1;11, .. ,,, 
I 
=> %. 
Fig. 2 Schematic representation of a periodic-flow heat exchange;· 
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lloted that the left edge of the regenerator is physically the same 
•as the right edge and, therefore, the matrix inlet telllperatures for 
·elements of the :first column on the side of Cm.,x are the same as 
the .outlet temperatures for corresponding elements of the last 
-column on the side of Cmin, Expressed mathematically, · 
T:z,{i,1} = Tn[/,Nn+tJj f = Nr + 1 - i 
where i can take the values of 1, 2, 3, ... Nr. This is referred to 
as the reversal condition. 
For simplicity of calcul_ation, a temperature scale can be used 
for which the fluid entrance temperature is zero on the side of 
Cmin and unity on the side of C=x, 
tnrl,o) = 0 (J = 11 2, 3, ... N n 
t:,;(l,f) = 1.0 j = 1, 2, 3, ... N:,, 
From the finite difference equations it is seen that in order to 
solve for the matrix outlet temperature for a particular element 1 
it is necessary to know the matrix temperature of the next ele-
ment. An estimate of these temperatures can be made by deter-
mining the temperature distribution for the assumption of zero 
.conduction in the direction of fluid flow since -the next element 
temperatures are not needed (i.e., the coeffi.oients Da, Da, F 3, and 
Fa are zero for no conduction). For the calculation procedure 
then, a matrix temperature distribution is assumed on the left 
edge and the problem iS solved for the no conduction case to ob-
tain the initial estimate of matrix temperatures for the problem 
with conduction. This also provides the no conduction effective-
ness necessary for comparison purposes. Now with this initial 
estimate of all element temperatures, the calculations are made for 
the conduction case beginning with the first element 1 first column 
on the side of C=x and working down the column. When the 
first column of elements is completed, the second is calculated 
and so on until the outlet temperatures of all elements on the 
side of Cmax are determined. In practice it was found that con-
vergence was more rapid if two passes per column were made be-
fore proceeding to the next one. The reason for this 1 as men-
tioned previously is that the equations for the outlet tempera-
tures contain the matrix temperatures" of the next element. At the 
seal, represented by the double line in Fig. 2, 
T:,;(i,N:,;+l) = Tn(f,1) 
smce the matrix outlet temperatures for elements of the last 
column on the side of Cmax are physically the same as the inlet 
temperatures of the corresponding elements on the side of Cmin• 
The same calculation procedure is then applied to the side of C min• 
· If the temperature distribution assumed on the left or startin·g 
edge were correct it would then be duplicated on the right or 
finishing edge (i.e., the reversal condition would be fulfilled). If, 
however 1 this is not the case, the resulting temperatures on the 
right side are now used as starting values on the left side and the 
calculations repeated. After each pass (i.e., the complete calcula-
tion of a temperature distribution) an energy balance is made; 
and before a solution is accepted for a particular set of parameters, 
the heat_balance error together with the reversal condition has to 
be fulfilled to a specified accuracy. The heat balance error was 
determined from the difference in enthalpy change for the fluid 
on the side of Cm.,x to Cmin compared to the enthalpy change on 
the side of Gm.,;;., 
Cmin c [tn(Nr+t,") lavg 
l _ ma,x 
1 - [t,:{Nr+l,j)]avg • 
For the results presented here this error was established at 
0.0004 percent for a maximum absolute value. It was found that 
the heat balance error criterion was far mor.e stringent than for 
108 / APRIL 1964 
the same magnitude error required for the reversal· conditions. 
The_effectiveness of a heat exchanger is defined as the ratio of 
the amount of energy transferred to the maximum thermody-
naI_Ilically possible, 
E 
_ Cm.,r.(t:,;;, - t:z,o) _ Ctno - tni) _ [ ) 
- C ( - - ln(Nr+l.o) a,vg. 
miD t,:i - t11i) (t:z,i - tni) 
The values o.f the effectiveness thus found by this method are 
good to five significant figures. However 1 this would only apply 
for the case of a certain number of subdivisions. If the number 
of subdivisions is increased and the calculations are repeated, a 
different value of the effectiveness is obtained. A plot of effective-
nes~ versus element area will reveal a linear relationship as the 
element area approaches zero [61 9]. Thus to arrive at the given 
tabulated values 1 the solutions Were first generated for Nr === N,, 
= N,. = 12, recomput.ed for Nr = N:,; = N,. = 16 and finally 
extrapolated to zero element area. This method reduced the 
accuracy of the extrapolated effectiveness to four significant 
figures. 
To best illustrate the influence of conduction on heat exchanger 
perlormance, the "conduCtion effect" is defin'ed as the ratio of the 
difference between the effectiveness with, nci conduction and with 
conduction to ·the no conduction effectiveness, 
AE E, no conduction - E, conduction 
E E, no conduction 
and correlated with the conduction parameter X. The values of 
the conduction effect thus obtained are then good to three sig-
nificant figures. 
To accommodate the large number of calculations required 
use was made of a general purpose digital computer, and the 
limits on accuracy were dictated by computer time·available for 
calculation rather than by the method employed. With the 
curr0nt availS:bility of digital computers, sµ.ch a method as pre-, 
sented here could be considered as a closed_form solution and in-
troduced as a subroutine ill a genei-al analysiS of gas-turbine power 
plant behavior. 
Results 
Before explaining the l"e;ults shown in Figs. 3, 4, and 5 and 
Tables 1, 2, and 3, it is best to review the influence of the various 
parameters on the peribdic-flow heat exchanger effectiveness for 
the case of no conduction in the direction of fluid flow. 
For fixed values of Cmin/Cmax1 Cfr/Cm.ini and (hA )*, the effective• 
ness will increase with incre8.Sing NTU 0 and will asymptotically 
approach unity. 
For fixed values of Cm;n/Cm.ax, NTU 0, and (hA)* 1 the effective• 
ness will increase with increasing Cr/Cmin and will l:!,Symptotically 
approach some value determined by Cm1n/CmIJ.x and NTUo which 
is less than unityj such that at C./Cmin infinite 1 
[( Cmio ) . ] 1 - exp -- - 1 NTU 0 
E - Cmio ((~mio ) J 1- --exp -- -1 NTU 0 
Cmax CmIJ.x 
and if Cmin/Cm.ax is unity, the expression becomes 
NTU 0 
E-l+NTU; 
For fixed values of C,/Cmin, NTU 0 and (hA)*, the effectivene~s 
will increase with decreasing Cm;n/Cmax• The percent, change IS 
largest in the lower NTU 0 region and -increases with . large~ 
values of C,/Cmin• 
For fixed values of Cmtn/Cmax., Cr/Cm.in, and NTU01 the effec-) 
tiveness will generally decrease with decreasing Values of (hA)\ 
however, for large values of NTU 0 and .Cm;n/GmIJ.x near unity the 
reverse occurs. At sm~ll values of NTUo regardless of Cmin/Crna"J:.J 
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Fig. 4 
the effect will be to reduce the effectiveness. In all cases the 
effect is largest for small values of C,,./Omin• For (hA)* in the 
·-range of 0.25 to 1.0, the effect is small regardless of the values of 
-the other parameters. 
The foregoing effects occur whether conduction is present or 
not. The addition of conduction simply superimposes its effect 
on the heat exchanger with the others. 
For all other parameters held constant, an increase in the con-
duction parameter A will produce a decrease in the effectiveness. 
Journal ol Engineering tor Power 
Fig, 5 
The _effectiveness will decrease asymptotically to some value 
compatible with the values of the other parameters. However, for 
a design or operational point of 'view, this limiting value is not as 
important as determining the· deviation from the ideal or no 
· conduction effectiveness which could be expected for changing 
values of the characteristic parameters. Figs. 3, 4, and 5 offer a 
qualitative picture of this deviation in the form of the conduction 
e~ect plotted versus the cQnduction parameter for various com-
fiinations of .the othei' parameters. Tables 1, 2, and 3 provide 
quantitative values for the conduction effect over a slightly 
wider range of the parameters and also provide the means for 
interpolation to cover specific cases. 
One of the more interesting effects occurs for a constant Value 
of the conduction parameter and increasing NTU 0• While an 
increase in,NTUrJ increases the effectiveness, the increase for the 
conduction case is. less ·than for the no conduction case and, 
therefo~ti, the" conduction effect will increase. This behavior will 
continue Uiltil the no ·conduction effectiveness approaches unity 
and then the conduction effect will decrease with a further in-
crease in NTU0 (see Fig. 5). 
It was found that the conduction area ratio As* had only a 
small influence in the range of 0.25 to 1.0. Also the influence of 
As* was negligible when varied ±30 percent with ·respect to 
(hA)*. Hence the values which were computed and given here 
were obtafued with As* = (hA)*-
Lastlyitisseen that when Cr/Omin reaches a value of 10, the re-
sults are practically the same for Cr/Cm.in infinite. Thus for 
values of OiCmin ) 10, the Hahnemann analytical solution can 
be used (see Appendix). 
A final observation on these results shows the prediction of 
London [6] that the conduction effect would vary directly as .the 
condllction parameter, 
provides a very good engineering approximation for NTUo > 10 
andX <0.L 
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- Table T(aJ - LO~GlTUDINAL HEAT CONDUCTION EFFECT LONGITUDINAL·HEAT CONDUCTION EFFECT = 
-----
CMIN/CHAX.., 1.00 CR/CMIN= 1.00 lt!AI--AS•"'l.00 CMJN/CMAX=.J•OO CR/CMIN= 5.00. (HAJ•.:AS•=:1.00 > .. 
E I CONDUCTION EFFECT, DE/E I .. I CONDUCTION EFFECT, DE/E ~ 
LAMBDA---- O.O·---!- Oo01 --- 0.02 ---- 0.04 --- 0.08 --- 0.16 --~ 0~32 I I 
LAMBDA----o.o ---- 0.01 --- 0.02 --- 0.011 --- o .. oa ---- 0.16 ---- 0.32 ---- . ------. NTUO NTUO 
"' 1.0 116.65 ... .80 1.118 2 .. 61 4.30 13:~3 1 .o ·lt9 .. 86 ••• .as 1.56 2.76 lJ.55 18:i: "' 2.0 60.07 • 57 1. II 2. 10 3.81 6.511. 2.0 66.38 .61 I. 18 2.22 4.0lt 6.94 ... 3.0 66.72 ·.68 i .. 32 2.so 4.,.58 7.92 12.6~ 3.0 74 .. 63 .70 1.35 2.57 4.72 a.22 13. 17 ~=~ 70 .. 86 • 76 1.48 z .. az 5.16 8.93 14.2 4.0 79 .. S9 .75 1.46 2.78 5.15 9.02 111.56 73.75 ••• 1.63 3.09 5.64 9.73 15.113 s.o 82.69 .78 1.53 2.94 5.45 9.57 15.51 6.0 75.92 .90 1. 75 3.32 6.05 10.39 16.111 6.0 85.26 .81 1.59 3.05 5.67 9.99 16.21 7.0 77.62 .96 1.86 3.53 6.40 10.94 11.21 7.0 87.03 .83 1.63 3.14 5.84 10.31 16.75 8.0 79.01 1.,02 1.97 3.71 6.71 11.42 17.88 ••• 88.lf2 .es 1.67 3.21 5.98 10~56 11.17 9.0 80. 16 1.07 2 .. 06 3.88 6.99 , ,.es 18.116 9.0 89a"53 ••• 1.70 3.27 6. 10 1 0. 78 17.52 10.0 U:H 1. l I 2.15 4.03 7.24 12.22 18.96 10.0 90.44 ••• 1.72 3.32 6.19 10.95 H.el 12.0 1. 20 2.31 4 .. 31 7.69 I ~:~8 19 .. 81 12.0 91.85 .90 1.76 3.40 6.35 l I .21f 18.27 14.0 ~:H 1.27 2 .. 45 4.55 8.06 20.1&9 11,.0 92 .. 89 .91 1.79 3.46 6.47 11.45 rn:g~ 16 .. 0 1.34 2.57 4.76 8.39 13.Blt- 21.05 16.0 93 .. 69 ~93 1.82 3.52 6.57 11.63 18.0 1.41 2 .. 69 4.95 8.68 llt-.23 21.53 10.0 94 .. 33 .94 1.84 3.56 6.65 11.77 19. 11 20.0 88:?~ 1 .. 47 2.eo s.13 1g:11 14.58 21.911- 20.0 94.Blt .95 1.86 3.60 6.72 11.89 19.30 ltO.o 1.92 3.56 6.31 16.62 24.28 ltO .. O 97.28 1.01 1.97 3.80 7 .. 07 12.lt8 20.20 60.0 92 .. 13 2.21, 4.06 1 •. 00 11.lt4 17.64 25.37 60.0 98. 14 1.03 2 .. 02 3.88 1.22 12. 71 20.Slt 80.0 ij:U 2.46 4.42 7.48 12.02 18.28 26.04 80.0 98 .. 58 1.05 2.05 3.93 7.30 12.01t 20. 72 100.11 2.68. 4.71 7.811- 12.43 18.73 26.50 100.0 98.85 1.06 2.01 3.96 7.35 12.92 20.83 ,soo.o 97.lt2 4.30 6. 78 10. 19 14.91 21.23 28.92 500.0 99.75 1.,09 2. Iii- 4.08 7,.53 13. 19 21.21 
CMIN/CMAX.,1.00 CR/CMIN::c I.so 1 HAJ .-:As•=1.0o CMIN/CMAX=l.00 CR/CMIN=l0.00 IHAl•=AS•=l.00 
E I CONDUCTION EFFECT, DE/E E I CONDUCTION EFFECT, DE/E I I I I ~~~!~~=---o~o -- - 0.01 --- 0.02 ---- 0.04 --- 0.00 --- 0.16 -~-- 0.32 LAMBDA--- 0.0 ----- 0,.01 --- 0.02 --- 0.04 ---- 0.06 ---- 0.16 ---- 0.32 ·-------NTUO NTUO 
1.0 48.il5 ... .., ·1. 53 2.10 4.45 6.63 1 .o 49.96 ••• .BS 1.57 2.11 4.55 
1a:~J 2.0 66.59 .61 1. 18 2.22 4.04 6.94 ~-· 63.60 .59 1.15 2.17 3.95 6.78 10.69 3.0 74.91 .10 1.35 2.57 4. 71 8.19 13.11 .o 71.18 •. 69 I. 31&- 2.54 4.68 8.14 13.01 4.0 79.89 .75 1.45 2.78 s. 13 8,.97 14.45 ••• 75.85 • 16 1 .. 48 2.82 5.20 9.08 14.58 5.0 83.22 .. 10 .53 2.92 s.111 9 .. 50 15.36 s.o 79.06 .82 1.59 3.04 5.61 9.79 15. 73 6. 0 85.59 .81 .SB 3.03 5.62 9.89 16.02 6.0 81.lf3 .01 1.69 3.22 5.95 10.37 16.62 7.0 87.38 .83 .62 3. 11 5.78 l O. 19 16.52 7.0 83 .. 26 .91 1.77 3.38 6.23 10.811- 17.34 ••• 88.76 ••• -65 3. 17 5.91 10.42 16.91 ••• r·n .95 , .. as 3.52 6.48 l 1 .24 17.93 9.0 89.87 .as .67 3.22 6.01 10.61 17.23 ••• 5.93 .98 1 .. 91 3.64 6.69 11.59 16 .. li4 10.0 . 90. 78 .86 .69 3.27 6.10 10.77 17.50 10.0 H~H 1.01 1.97 3.75 6 .. 88 11 .89 18.87 12.0 92.18 ••• .13 3.33 6.23 l 1.03 17 .92 12.0 1.01 2.00 3.94 7.20 12.39 19.57 14.0 93.20 .89 • 15 3.39 6.34 n:~i 18.211-, ... o 1.11 2. 16 4. 10 7.47 12. 79 20. 12 16.0 93.99 .90 .11 3.11-3 6.112' 18.1'"8 16.0 I. 16 2.24 4.24 7.69 13. 12 20.56 18.0 911-.61 .91 .,. 3.46 6.48 1 1 .49 18.68 18 .. 0 91 .. 50 1.19 2.31 4 .. 36 7~88 13.40 20.93 20.0 95.11 .92 1.00 3.49 6.54 11.59 18.85 20 .. 0 92.15 1 .. 23 2.37 IJ .. 46 8.04 13 .. 64 . 21 .. 21- ltO.O 97.46 .95 1.88 3.63 6.81 12.09 19.66 lfO .. O 95.43 1.44 2.75 5.09 9.00 14.95 22 .. 88 60.0 98.28 .91 1.91 3.69 6.92 12.28 19.96 60.-0 96.72 1 .. 56 2.96 5.40 .9.,44 1 s.s2 23.56 80,.0 .98.6(,l .98 1.92 3.72 6 .. 98 12.39 20.12 ,88:8 · n::J l.64 3 .. 09. 5 .. 60 ·9. 70 15.85 23.94 100.0 98.94 .98 1.93 3.74 7.02 l ~:ii· 20.21 1.10 3.18 5.73 9.88 16.07 24.18 500.0 99. 77 .99 1.97 3.81 7.14 io.53 soo.o 99.51 2.00 3.62 6.32 10.62 16.93 25.12 
CMJN/CMAX.= I. 00 CR/CMJN.:: 2.00 ( HA J•.:AS•= 1.00 CMIN/C'NAlC=laOO CR/CMIN=INFINJTE IHAJ.,.,ASul.00 
E I -- ~ONDUCTIDN EFFECT, DE/E ., E J CONDUCTION EFFECT• OE/E --1 I I - I I ~~~~~~=--- o.o --- 0.01 --- 0.02 ---- 0.04 ·-- o.oa -- 0.16 ---- 0.32 LAMBDA---- ·o.o ~---- 0.01 --- 0.02 ---- O.Q4 ---- o.oe.---- 0.16 ---- 0.32 _, · NTUO NTUO 
1.0 50.00 ••• ••• 1.56 2.78 ~ 6.70 11 .. 56 6.79 1.0 119. 12 -•• ••• 1.55 2.13 4.50 2.0 66.67 .62 I. 19 2.23 4.05 6.91f 10,.92 .. 2.0 64.91 .60 • 16 2.19 3.99 6.87 10.83 3.0 75.00 • 70 1.36 2.57 It-. 72 a. ,a 13 .. 07 - 3.0 72.80 .69 ... 2.55 4.70 8 .. 19 13. 13 ••• 80.00 • 75 1.46 2.78 5.12 8.911 14 .. 37 ... a ••• 77.60 .15 ••• 2o80 5. 18 9.07 114.62 s.o 83.33 .19 1.53 2.92 5.40 9.46 15. 24 s.o 3g:!1 .BO .56 2.99 5.54 9.73 15~69 6.0 85.71 .BI 1.58 3.03 5.60 9.63 15.05 C, 6.0 ••• ••• 3. 14 5.83 0.23 16. 5 I 7.0 87 .. 50 .83 .62 3.11 5.76 1 o. 10 16.31 = 7 .• 0 85.03 • 87 .11 3.27 6. 07 0 .64 17. 16 •-• 88.89 - .85 .65 3. 17 s.8a 10.32 16.67 - •8 .. o 86.46 .90 .76 3.36 6.27 0.99 17.68 9.0 90.00 .86 .68 3.22 5.97 10.so 16.95 9.0' 87.63 .93 .81, 3.48 6.44 1.27 le. 12 10.0 90.91 .87 .70 3.26 6.05 10.64 17.19 a 10.0 18:n .95 • 86 3.56 6.59 1.52 18.50 12.0 92.31 .89 .13 3.32 6. 18 10.87 17.55 12.0 .99 1.94 3.-70 6.84 1.93 19. 10 14.0 93.33 .90 • 16 3.37 6.27 11.03 17 .. 81 - · 11t.-o 91.25 1.02 2.00 3.62 7.05 2.26 19.56 16.0 94.12 .91 .11 3.41 6.34 11.16 la:Yl = 16.0 n:ii 1.05 2.06 3.92 7.21 2.52 19.94 18.0 911-. 74 .91 -19 3.44 6.40 11.26 .. 18.,0 1.08 2.10 4.01 7.36 2·. 74 20.211 20.0 95.2 .. .92 ,.so 3.46- 6.411 11.31f 18.30 ... 20 .. 0 93.45 1.10 2. 15 4.08 1.48 12 .92 20-50 40.0 97.56 .95 1.86 3.58 6.66 11.72 18 .. 89 aio.o 96.35 1.24 2.40 4.51 8.16 13.91 2 I .8 I 60.0 96. 36 • 96 I .88 3.62 6.74 11 .as 19.09 ... 60.0 97 ___ 1.31 2-52 4.71 8.45 14.32 22.32 so.o 98.77 .96 1 .89 3.64 6. 18 I 1.92 19.20 ;;;:: 1\\:\ 'i'B.01 1,.36 2.60 4.63 8.62 I 4 .55 22.61 100.0 99.01 .91 1.90 3.65 6.80 11.96 19 .. 26 ... 'l8,.3l' 1.39 2.65 4.91 8.74 14.69 22.78 200.0 99.50 .91 1-91 3.68 6.85 12.04 19.39 9'1.62 1:..56 2.90 5.24 9.17 1s.211- 23.113 
... .._,.,..,.,_.,'":'.>;hi-~-~•·"-..... __ ;·- Te1blEi 1(h} 
LONGITUDINAL HEAT CONDUCTION EFFE~T 
C, 




!a = !!!. 
C, -.., 












100.0 soo.o tt:~i 99.62 
i :36 
1.39 










-:,-_ "'4'/ilf.: ·": l:."'_"7~-;-:-:-.·c.;;-;:--:--,_-_ 
LONGITUDINAL HEAT c0Noijc110N EFFECT 
CHIN/CH AX= 1 .00 CR/CHI'N= 1.00 
E I 
' I 







LAMBDA---- o.o ----.0.01 --- 0.02 ---- a.ala ---- 0.·08 ---- o.16 ---- 0.32 
NTUO 
1 .o la6~62 .'2 .Bl 1 .. 50 2.61 4.44 6.M 
2.0 60 .. 08 .58 I. 12 2.12 3.88 6. 68 10.52 
3.0 66.75 .69 1.33 2.53 4.64 8.04 12-76 ••• 70.90 .11 1.50 2.85 5. 2-3 9.03 11'.32 5.0 13. 79 .85 1.65 3.12 5. 7 I 9.82 15- 50 
10.0 8 l. I B 1._12 2. 17 4.07 1.29 l 2.25 18 .. 88 
20 .. 0 86.56 1.49 2.82 5. 16 8.95 111.53 21.74 
40.0 90.43 1.95 3.59 6.33 10.55 16.;51 211 .. 00 
100.0 93.89 2.71 4.73 7.84 12.39 IS.Se 26.17 
CMJN/CMAX-=J:oo CR/CMIN= 2.00 lHAl11=AS•= .50 
I 
I 
E I- -- CONDUCTION EFFECT, OE/E -- --1 
LAMBDA--- o.o ___ !_ 0.01 ---- 0.02 ---- 0.0.4 ---- o.08 ---- 0.16 ---- 0.32 I 
NTUO , .. ll9. 11 .44 .84 1.57 2.79 4.63 l:-.98 
2.0 64.92 .60 1.17 2.2·2 4.05 6.99 11. 06 
3.0 72.62 .69 I. 35 2.;57 · 4. 75 8.30 13 .. 30 
4.0 77.61 • 75 1.47 2.82 5.23 9.16 111. 75 
; i~:8 60.86 ••• 1-57 J:g.J 5.s8 q.ec 15.. 78 ~~=~~ .95 1.86 6.61 11.511 18.48 20 .. 0 1. I 0 2. I 5 4.09 7.118 12.91 20 .. 4 l 
· 110.0 96.35 1.24 2.40 ii. 51 8-15 1 3 .87 21. 68 
,100.0 98.37 1.39 2.65 ll.90 5.12 14 .64 22-63 
CMIN/CHAX= l .. OO CR/C~IN= 5.00 (HA)•=AS•.: .SO 
--------- ·-------1 E 1- - CONOOCTlON EFFECT, DE/E 
LAMBDA---- o.o ___ !_ 0.01 --- c.02 ---- 0.04- ---- o.oa ---- 0.16 ---- a.32 - I. 
NTUO , 
1.0 l!-9.86 .45 • 85 1.59 2.a2 II .68 1--:.cs 
2.0 66.38 .61 1. 19 2.211 11.09 7 .05 11. 16 
3.0 711.63 .70 1. 36 2.59 II. 76 8.31 B.33 ••• 79.59 • 75 J.46 2.ao s. 19 9.09 14.68 5.0 82.89 • 79 1. 514 2.9S 5.118 <;.64 15.6G 10.0 90.411 .88 1.12 3.33 6.21 10.98 17.€3 20 .. 0 91!.84 .9S 1-87 3.60 6,73 1 1 .ea 19.27 
40.0 97.28 1.01 1.97 3.80 ·, .or 12.46 20. Iii 
100.0 98.86 1.0.6 2.07 3.96 7-311 12.as 20. 75 
CHIN/CHAX::i:1 .OO CR/CMIN=INFINiiE (HAJ•:AS•= ·.SO 
I --- CONDUCTION EFFECT, PE/E I E 
LAMBDA-...-~ o.o __ _.,!_ 0.01 --- 0.02 ---- 0.011 ---- o.oa ---- 0.16 ---- 0.32 I -,..,--,--
NTUO , .. so.oo .45 .86 1.59 2.54 11.10 
11:~: 2.0 66.67 .62 1. 19 2.25 11. 10 7.05 
3.0 75.00 .70 1.36 2.59 4.76 8.28 13.23 ••• gg:~g .76 1.117 2.80 5. 16 9.02 14.50 s.o .79 l_.511 2."94 s.1i11 9.52 15,.311 
10.0 90.91 .87 1. 70 3.27 6.08 10.68 17.25 
20.0 95.211 .92 1.ao 3.11-7 6.46 11 .. 36 18.33 
1~8:8 
97.56 .95 1.86 3.58 6.67 11 • 73 1a.q1 






















19 .. 26 
19.39 
LONGITUDINAL ~EAT CONOUCTlON EFFE~T 
CR/CHIN:: 1.00 l HA} •=AS•= .25 
E I --- CONOUCTIO~ EFFECT, OE/E -----':"I 
I 'I 
LAMBDA-~-- o.o ----- 0.01 --- 0.02 ---- 0.04 ---- a.ca 7--- 0.16 ---- o.32 
NTUO 
I. O 46.59 .43 .83 1.56 • 2.e3 11.19 1 .. 31 
2. 0 60. 13 .60 1. 16 2. 21 "· 06 1. 02 1 I .O 7 3.0 66. 611 • 71 1.38 2.63 11.83 8.35 13.17 
4.0 71.0C .BO 1.55 2.96 5. ii 1 9.31 111.60 
5. 0 73.90 .. , 1- 70 3.23 5.88 JO.OS 15.66 
10.0 B 1.28 1.17 2.24 4.18 7. 43 12 .33 le.1' 
20.0 86. 65 1.51i 2.90 5.25 9. O I 14.43 21.21 
40.0 90.49 2.02 3.67 6.38 10.52 16.27 23.33 
100.0 93.96 2.79 4.80 7.65 12 .28 l 8 .23 25,.39· 
CMIN/CMAX=l.OC CR/CMIN-= 2.00 lHAl•=AS•= 0 25 
E I - CONOUCT!CN EFFECT, CE/E -----------~------I 
I I LAMBDA---- o.o ----- 0.01 ---- 0.02 ---- o.04 ---- 0.08 ___ _, O. ll: ---- 0.?2 
NTUO 
1.0 4(). 12 .45 • 86 1.62 2.94 4.98 7.68 
2.0 64.95 .61 1.19 2.27 4. 19 1.g 11 .61 
3.0 72. 811 • 70 l. 37 2.62 4.87 8 .511 B.69 
4.0 77 .63 • 76 1 .. 49 2.86 5.33 .9.36 15.02 
5.0 80.88 . " I. 58 3.0~ 5.67 9.96 15. .96 10~0 88.59 .96 1. 87 3.60 6.65 1 1.5<; Jij-:~~ 20.0 93. 115 1.10 2. 15 4.09 7.4() 12.86 
40.0 ()6. 34 I. 21l 2.39 4.51 a. 13 .13. 78 21.110 100.0 . ()8.36 1 .39 2.64 IJ.89 8.68 1 q .s2 22 .. 30 
CMIN/CMAX=l.00 CR/Cl-!IN= 5.00 IHAl•=AS•= .25 
E Ir---------- CCNDUCTION EFFECT, DE/E -- -----I I I 
~~~~~~=--- c.o ----- 0.01 --- 0.02 ---- o.o4 ---- o.oa ---- 0.16 ---- o.~2 
NTUO , .. 49.86 .45 • 87 1.611 2 .()6 s.02 1.111 2.0 66.-3e .62 1. 20 2.29 4.22 7 .33 11.fl 3.0 711. 611 • 70 1.37 2.63 11.,87 8.5~ 1~.71 4.0 79.59 • 75 1. 118 2 .. 811 5.28 9.26 111 .96 5.0 82.89 .79 I. 55 2.98 5.56 9.79 15.82 1"01.0 90.114 .BB 1.73 3.35 6-25 1.1.04 17.€7 20.0 94.S-4 .95 1.87 3-61 6.74 I 1.88 19. 19 40.0 97.-28 1 .01 I. 98 3 .. 80 7.06 12.111 19.98 100.0 9i!.86 1.06 2.07 · 3.96 7.32 12-80 20.51,a 
CMIN/CMAX"' 1.00 CR/CMIN=INFINITE I HAI •=AS•= .25 
E I CONDUCTION EFFECT, DE/E 
I 
LAM~~~=--- O.O ---- 0.01 --- 0.02 --- 0.011 --,-- 0 .. 08 ---- 0.16 -~-. 0.32 
NTUO 
1.0 50.00 .46 .88 1.65 2.97 s.03 .1:n 2.0 66 .. 67 .62 1.21 2.30 4.22 1.32 3.0 75.00 .71 1.38 2.63 11.86 i:n 13.62 4.0 eo.oo .76 1.48 2.811- 5.25 111.81 5.0 83.33 .80 1.55 2.97 5.52 
1X:H 
15.60 10 .. 0 90.91 .88 1. 71 3.29 6. 13 11.313 20.0 95.2ll .92 1.81 3.48 6.119 11 .11 I 18.lfO 40.0 97.56 .95 1 .. 86 3.59. 6.68 11. 76 18.911 100.0 99.01 .97 1.90 3.66 6 .. 81 11.91 19-28 
- Table 2(o} -.... ·LONGITUDINAL HEAT CONDUCTION EFFECT LONGITUDINAL HEAT CONDUCTION EFFECT ". .. CMIN/CMAX= .95 CR/CM IN= I. 00 (HA)il=AS11=1.oo CMIN/CHAX= .95 CR/CHJN:i: S.OO I HAH•.:aAS••l.00 
~ 
~ E I CONDUCTION EFFECT, OE/E I E I CONDUCTION EFFECT, DE/E ;: I I I ~~!~~:---o.o ----- 0.01 --- 0.02 ---- 0.04 ---- o.oa ---- 0.16 ---- 0.32 LAMBDA---- Q.O ___ _, 0.01 --- 0.02 ---- 0.04 ---- 0.08 ---- 0.1.6 --- 0.32 - NTUO NTUO .., 
<> 1 .o 47. 14 .40 .11 1.42 2,5 I 4.14 6.19 1 .o 50.118 .43 • 02 1. 51 2 .. ·66 4·.39. 6.55 .. 2.0 60.82 .55 1.07 2.02 3,68 6.32 9 .. 96 2 .o 67.47 .59 .·14 2.15 3.91 6,72 10.t:2 3.0 67.60 .65 1.27 2.41 4.42 7.66 12.22 3.0 76.00 .67 .31 2.48 IJ.·57 7,.97 12.82 4.0 71.82 . ,. 1,113 2.12 4.98 8.64 13.79 4.0 81. 14 • 72 .41 2.69 4.99 8,76 11,. 19 s.o 1'--11 .81 1.57 2,98 5.45 9.41 14.99 s.o 84.56 • 76 .40 2,814- 5.27 9.30 ·•~-13 6.0 76.97 .07 1.69 3.20 5.811 IO .05 15.91' 6.0 87 .01 .70 .53 2.'il4 5.4'il 9.70 1 .e 1 1.0 78. 71 .93 1.80 3.40 6. I 8 10.60 16.11 1.0 88.85 .00 .57 3.02 5.65 1 o. 01 16. 33 0.0 80.11 • 90 1.89 3.58 6.48 1 1 .07 17 .39 a.a 90.28 .82 .60 3.09 5 .• 78 10.25 16.75 9.0 81.28 1.03 1 .98 3.74 6.75 11.48 17.'il6 9.0 91.42 .83 .63 3.14 s.8a 1 o.ir.s n.08 10 .. 0 82.28 1.01 2.01 3.89 1.00 11.84 18.45 10.0 92.36 .04 .65 3.18 s.97 1.0.61 17.36 12.0 83.89 1. 1 5 2.22 4. 15 7.42 12.47 19 .. 28 12.0 93.,79 .85 .66 -3.25 6.10 l'0.87 17.80 14.0 85.1.5 1.22 2.35 4.38 7.79 1 2.98 11,,.95 14.0 94 .• 84 .86 · 1..10 3.29 6 •. 20 I 1.06 18. 12 16.0 86.17 1.29 2.a.1 4.58 8. 1 o 13.42 20.50 16.0 95.65 .. , I. 71 3.,32 6.,27 11:i-~ 18.36 18.0 87.01 1.35 2.58 4-77 8.38 13.80 20.97 18.0 96 •. 27 .07 1.12 3.35 6.32 1,8 .. 56 20.0 87. 73 1~41 2.68 4.93 8.63 14.13 21 .37 20.0 96. 78. .87 ,.12 3.36 6.36 1 1 •. 110 18. 72 40.0 91.-6 I 1.83 3.110 6.05 10.18 16. 11 23.66 •40.0 99.00 .81 1.65 3. 32 6.IJII 1l:·H 19.37 60.0 'il3.32 2.11 3.85 6.68 11.00 17 .07 24 .. 71 60.0 99.61 . • 10 1.51 3 •. 17 6.34 19 .. 48 ea.a 911.32 ~:~T 1'. 17 7. 12 I I. 53 1 7 .67 25.35· 188:8 99.84 .60 1.37 3.02 6.21 11.63 19-..:48 100.0 9li.99 4.43 7.411 11.91 10 .08 25. 78 99.94 .so 1.25 2.89 6.09 11. 55 19.115 500.0 98.30 3.96 6.3_0 9.56· 14.15 20.37 28.00 
CHIN/CMAX= .95 CR/CMIN= 1.50 I HA·l •=AS•= 1.00 CHIN/CMAX: .95 CR/CMIN=l0.00 ( HA I •=AS•: 1 .QO 
I E 1 CONDUCTION EFFECT, DE/E E I ·-- CON_DUCTION EFFECT. OE/E 
I I 
LAMBDA---- a.a ___ !_ 0.01 --- 0.02 ---- 0.04 --- o.oa ---- 0.16 ---- 0.32 LAMBDA---- a.a---- 0.01 --- c.02 ---- 0.04 --- o.oa --- 0.16 ---- 0.32 
NTUO NTUO 
1 .o IJ9.01 .42 • 79 1.47 2.60 4.28 6.39 ,. a 50.59 .43 .82 1-5~ 2.67 4.39 
18:i~ t·8 64.53 .57 1.10 2.09 3.81 6.56 10.36 2.0 67.70 .59 1. 111 2. 1 ~:U· 6.72 72.34 .• 66 1.29 2 .. 115 4.52 7.88 12 .. 65 3.0 76.30 .67 1.31 2.48 7.96 12.77 
4.0 77.15 .73 -J..42 2.12 5.03 a.so 14 .. 19 4.0 81.116 • 72 1.41 2 .. 69 4.97 ·8 .. 71 111.09 s.o 80.111 .79 1.53 2.94 5.113 9.5 1 15.33 5.0 84.91 .75 1.47 2.83 5.24 9.2-3 111.98 6.:0 82.91 .83 r:n 3.12 S.76 10.07 16.21 10.0 92. 71 .82 1.62 3. 13 s.a1 1 O.IJ-3 17.05 ·1.0 84,.80 ••• 3.27 6.04 10 .. 54 16.9.3 20.0 97-05 .83 1.66 3.24 6.17 11.09 18.25 ·e.o 86.32 .91 I. 78 3.110 6 .. 28 10.94 17 .. 52 40.0 9'il.15 .75 1.511 3.13 6.14 11.29 1a..:1e 9 .• 0 87.56 .94 1 .81' 3.52 6.49 11.28 18.02 100 .. 0 99.96 .42 1.oa 2.62 5.69 I 1.01 18.75 10 .. 0 88.60 .97 1.90 3.63 6.67 11.57 lt:n 12.0 90.25 1.03 2.00 3 .. 81 6.98 12.06 
111 .. 0 -91.51 1.01 2.08 3 .• 96 7.23 12.:45 19.69 
16.0 92 .. 50 1 .. 11 2.15 4.08 7.114 l!:if 23.13 18.0 93.30 1.14 2.21 IJ.19 7.62 io:1i 20.0 93.97 1.17 2.26 11.28 7.78 13 .. 27 
IJO,.O 'il7.25 1.32 ·2.56 ll.80 a.61 11' .IJ.8 22.35 
60.0 98.46 1.37 2.66 s.oo 8 .. 94 14.94 22.93 eo.o 99.07 1.37 2.69 5.09 9.09 15.17 23.22 
100.0 99.43 1 .,35 2 .. 69 s·.12 ?d! . !~-~9 23.~9" 
CMIN/CHAX= .95 CR/CHlN=INFIN)TE lHAl•=AS..,.1.;-00· CHIN/CHAX= .95 CR/CMIN: 2.00 I HA I 11_=AS•z 1 ... 00 
E I CONDUCTION EFFECT, OE/E E I --- CONDUCTION EFFECT, OE/E I 
LAMBDA--- o .. o __ !_ 0.01 -.-- 0 .. 02 ---- o .. ·04 --- o.08 ---- 0.16 ---, 0.32 I I .... ~~~=---o.o ---- 0.01 --- 0~02 --- 0.04.--- o.oa --- 0.16 ---- 0.32 
NTUO ~ 
"' .NTl!O ,.a 50.63 .43 .02 1 .. 51 2.67 4o'40 
13:1~ 
= 
"' 1 .o 49.71 .42 .ao 1.49 2.63 IJ.33 6.16.7 2.0 67.78 .59 1. llJ 2 .. 15 3~92 6.72 "' 2.0 65.92 .;.58 1.12 2.12 "3.86 6. 65 10 •. 50 3.0 76.40 .60 1.31 2.49 ::~i 7.94 U:ii :.3. 3.0 74.06 .67 1.-2.9 2.47 4.55 7.94 12 •. 77 4.0 81.58 .73 1.41 2.69 8.:69 ;;· 4.0 79.02 .72 1.41 -2. 71 5.02 a.a 1 111.24 5.0 85.03 .76 1.IJ8 2.83 5~23 9.19 14.86 = . 5.0 82.39 .77 1.51 2.89 5.37 'il.115 15 .30 6.0 87.50 .79 1 .. 53 2.92 5.42 9,.54 15 .. 46 "' 6.0 84.84 •• 1 1 .. 58 3.04 5.65 9.94 16-. 11 1.0 89 .. 31' .. , 1.56 3.00 5.57 9 .. 81 15.91 7.0 86.71 .84 1.65 3.16 s.aa l0.34 16. 75 8:.o 90.77 ·.al 1.59 3 .. "05 5.,67 10.0 I 16.25 C, '8.0 88 .. 19 .87 1.10 3.21 6.07 10.68 11.21 .. , 91.91 .• 82 1.61 3.09 5.76 10.11 16.53 
' - ·9.0 89.39 ·" 1. 75 3.36 6.23 10.96 11.10 10.0 92.84 .83 1.62 3. 12 5.83 ·18:gg 16.71, - 10.0 90.39 .91 1 .. 79 3.,43 6.38 11.20 18 .. 06 12.0 91J.27 .04 I .61J 3. 17 5.92 17.07 = 12 .. 0 91.95 .95 1.86 3.57 6.61 11.59 18.65 11,.0 95.30 .84 1.65 3.19 5.99 10.62 11.31 .. lla.O ;::i~- .98 1.91 3.67 6,.80 11.90 19.10 16.0 96.08 .84 1.66 3.21 "6.03 10 .. 72 17.118 16.o 1.00 J.96 3.76 6.95 12 .. 14 19.46 18 .. 0 96.69 .64 1.65 3 .. 21 6.05 10.79 17.60 > 18.0 !!:it 1.02 2 .. 00 3.83 7 .. 08 12.34 1::~~ 20.0 97.17 .83 1.65 3.21 6.07 l0.83 17. 70 .,. 20.0 1.04 2.03. 3.89 7.18 12 .. 51 40.0 99.22 .73 ,.so 3.05 5.97 J0.89 17 .. 99 51: ..-o.o l .. 09 ·2.16 ll.;:16 7.68 13.32 21. 15 60.0 99.74 :~:- 1. 31 2.83 ~;ll 10. 75 17.911 60.0 ii:i~. 1.06 2 .. Ill 4. 18 1.ao 13.56 21.52 eo.o 99.91 1.14 2.64 1 o.59 17.81;1 .., 11&:~ .99 2.01 -• lll 7,.80 13.63 21.66 100.0 99.97 .37 I. 01 2.1t8 S.42 I 0.116 17,.75 _99."IO .92 ..1,..2.8. ~ .. 06_ 7_.Th _ 1 ~~6~ ii• 70 200,.0 100.00 .,. .66 2.09 s.011. _10.12 17 • .ff8 
... ~ Table 2(b) C, 



































3 .. 89 
ll<il6 
4.18 ... , .. 
~-06_ 







LONGITLOINAL HEAT CONOUCTlGN EFFECT 
CMIN/CMAX= .95 CR/CM!~= 1.00 






E CONOUCTICN EFFECT, DE/E ------------------[ 
I 
~~~~~~=--- o.o ----- 0.01 c.02 ---- o.o4 ---- o.os ---- c.16 ---- c.32 
NTuo 
1 .o 117 .08 .40 
2.0 60. 75 .54 
,. 0 67.53 .64 
4.0 H.73 .72 
5.0 74.67 .79 
10.0 82. 15 J .03 
20.0 87.57 I .33 
40.0 91.43 1.10 
100.0 94.79 2.28 
• 76 1.42 2.52 4.2C 6. 311 
1. 05 2.00 3.65 6 .3 I 10.cc 
I. 25 2.37 4.37 7.60 12. 15 
1.40 2- 6 7 4.91 8.54 13. 66 
I .53 2.91 s. 35 9.28 111 .. 7<, 
2.00 3- 77 6.82 I I .58 1 e. CE 
2.56 4. 74 8.35 1 3- 76 2C.86 
3.20 5.76 9.81 1 5.64 23.07 
4.11 7.05 1 l .46 l 7 .56 25- 13 
CMIN/CMAX= .95 CR/CMIN"' 2.00 {HA)11=AS11=-.SO 
E 1-------- CONOUCTIC~ EFffCT, DE/E 
I 
LAl-18011---- o.o ----- 0.01 --- 0.02 ---- o~·04 ---- a.ca 
------------------1 
I 
0.16 ---- C.32 
-'----.--
NTUO 
1 .o 49.69 .47. .80 1. 48 2.64 
2~0 65.90 .57 rl 2. 10 3.85 3.0, 74.04 .66 • 28 2 •. ~Ii 4.52 i.-.• o 78.99 .71 • 39 2.68 4.98 5.-0 82-·36 • 76 .48 2.86 5.32 
lQ.-0 90.35 .90 .76 3. 38 6.31 
20 •. 0 95.32 1. 02 .99 3.tl3 7. 10 
·40 •. 0 98.15 I .07 .12 4. 10 7.61 
100.0 99. 72 .c I 1.97 4.04 1.11 
Ii .ti C 6. 611 
6.67 10.60 
7. 93 12.eo 
8.78 14.22 
9 .4 C 15.25 
I 1. 10 17.',3 
12.40 19.Bl 
I 3.21 20.96 
1 3.54 2 I. 52 
CMlN/CMIIX= .95 CR/Cf,IJN= 5.00 IHAl•=AS11- .SO 
E 
,_ CONOUCTICN EF.FECT, OE/E ------I 
LAMBOII--- o.o ---~- 0.01 --- 0.02 ---- 0.04 ---- o.oa ---- 0.16 ---- C.32 
I 
NIUO 
1 .o 50.48 ·"' .81 I. 50 2.68 4.45 · c. 72 2.0 67.47 .58 • 13 2- 13 3.90 6. 75 
j'"" 3. 0 76·.oo .66 .29 2.46 4.55 7.97 2.87 4.0 81. 13 • 71 • 39 2.67 4.96 8.74 4.20 5.0 8ti.ss .75 .46 2.81 5.24 9.27 s. 12 10.0 92.35 .82 .62 3. 15 5.92 1 0 .56 7.31 
20 .. 0 96. 77 .,. • 70 3. 33 6.32 I 1.35 e.64 
40.0 98.99 .80 .63 3.29 6 .4 1 1 1.66 9.28 
IOO.O 99.93 .so .23 2.87 6.06 1 1.119 9.35 
CMIN/CMAX"' .95 CR/CMIN=JNFINITE I HAI ~,.AS11= .50 
E I CONOUCTION"EFFECT. OE/E I 
LAMBDA---- 0.0 __ !_ 0.01 --- 0.02 ---- 0.04 ---- 0.08 ---- 0.16 ---- 0.32 I 
NTUO 
1 •• 50.63 .43 ·"' 1.51 2.68 4o46 6. 73 2.0 61.11! .59 1. 13 2. 111 3 .. 9i 6 .. 75 10.10 ••• 76.110 .67 1.30 2.47 IJ.55 7 .911 12. 78 ,.o 81.58 .72 1.110 2.67 4.94 8.68 14.0IJ 
5.0 85.-03 .75 1.46 2.80 5.20 ,;;,. 17 111.88 
10.0 92.Bll .82 1.60 3 .. 09 5.79 l O .28 lf:A; 20.0 97.17 .32 1.63 3.19 6.04 1 a.a 1 
,38:8 99.22 .,, 1.118 3.03 S.95 13.88 17 .99 99.97 •• ,.oo 2.47 5.112 1 .Jf6 J7.7r, 
rns:o 99:22 :73 1:so 3:05 .5:97 i0:89 H:99 
60.0 99.74 =~1, 1.31 2e83 s.11 10. 75 17.911 80.0 99.9I ,_ 14 2.64 5.58 10.59 17.Bif 
100.0 1XZ:Zi .37 1.01 2 ... a 5.42 10.46 H:lJ 20~-0 . ,. • •• 2.09 5.0lf _1.0.12 
;•;,?!'.I'•·•· ,,, "r': j;·,: .•. ->.(" ~ ,\ 'C.,'.,'J\~.;'.iJ;r::.:;::_.\/,CAffir.:: 
Table 2(b) 
LONGIT~DINI\L HEAT CONOUCTIGN EFFECT 
CMIN/CMAX= .95 CR/CMIN=- 1.00 !~Al•=AS-11"'- .25 
E I-
I 
CONDUCTION EFFECT, OE✓ E 
LIIMBDII---- o.o ----- 0.01 --- c.02 ---- 0.04 ---- o.oa ---- C.16 ---- C.32 ------
NTUO 
1.0 47.00 .40 • 77 1.45 2.63 4.147 . 6.E9 
2.0 60. 73 .55 1. 06 2.03 3.74 6.52 10.38 
3.0 67 .51 .611 l. 26 2 .. 40 11.44 7.75 12.36 
4.0 71. 72 • 72 1.111 2.69 ·4 .96 8.63 13 .. 72 
5.0 74.65 .79 1.53 2.92 5.3B 9 .31 111.71' 
10.0 82. 10 1.02 1.97 3.73 6.74 I I .112 11.;e5 
20.0 87 .48 1.30 2.49 4.61 8. 14 13. 38 2C. 13 
40.0 9 I. 30 J.62 3.06 5.54 9.47 IS.OE 22.11 
100.0 94.65 2. 12 3.88 6. 73 1 I .O l 16 .88 24.06 
CMIN/CMAX= .95 CR/Cf,IIN= 2.00 (HAl.,=IIS•= .25 
E I -- CONDUCTION EF.FECT, DE/E 
I 
ll\MB0/1---- o.o ----- 0.01 ---- C.02 ---- 0.04 ---- 0.08 ---- 0.16 ---- 0.32 
NTUO 
1. 0 49.69 .42 .81 I. 52 2.75 4 .6 7 7.21' 
2.0 65.92 .57 r 11 2- 12 3.93 6 .89 l l,.Cli 3.0 74.04 .65 • 28 2.46 li.58 8.09 13.09 4 .o 78.98 • 71 .39 2.68 5 .. 02 8.ee I ti. 40 5.0 e 2~ 31! • 7 5 .47 2.as s. 31' 9 .46 15.33 10.0 90.32 .88 .74 l .• 36 6.28 I 1.06 11.1e 20.0 95.3C 1.00 .97 3.79 7.05 1 2.29 19.54 40.0 98. 13 1.06 • 10 4.06 7 .SIJ l 3.07 20.02 100.0 99.72 .91 J.95 4.01 7.65 13 .3e 2 I. 15 
CMIN/CMAX::: .95 CR/Cf,l"IN= 5.00 l HA'I 11-=AS•= .25 
E 1-----------CONDUCTION EFFECT, DE/E 
~~~~~11---- o.o ----- 0.01 --- 0.02.---- o.o4 ---- o.oa ---- 0.16 ---- 0.32 
NTUO 
1.0 so.tie .42 .e, 1.53 2.78 4. 72 7.31 ,._ 0 6 7 .4 7 .58 I. 13 2.15 3.97 6.95 11. Jl• 3'.-0 76.0C .66 1.29 2.47 l&.60 a. 12 13. 16 
4.0 81. 13 . 71 l. 39 2.67 5.00 a.as l 4.40 s.o 84.55 . '" 1 -115 .2.61 5.27 9.35 15 • .26 10.0 92.34 • 82 I .61 3. 13 5.92 I 0.57 llo3C 20.0 96. 77 .85 1.69 3.31 6.30 11.30 18.53 iio.o 98-99 • 79' 1.02 3.27 6.37 I 1.5'9 19. 10 
100.0 99.93 .49 I .22 2.85 6.02 11.39 19. 13 
CMIN/CMAX:z .95 CR/C~IN=INFINITE IHAl• .. AS•= .25 
E I CONOUCTION EFFECT, OE/E -·I 
I I 
LAMBDA---- o.o ---- 0.01 --- 0.02 ---- o.o~--- o.oa ---- 0.16 ---- 0.32 
NTUO-
1.0 50.63 .43 di 1.54 2.76 4.72 1T:i~ 2. 0 67-78 .59 2.16 3.98 6.94 
3. 0 76.:.0 .67 1.30 2.48 4.60 8.09 13.ca 
4.0 81.58 • 71 1.39 2.67 4.98 8.79 14. 27 s. 0 85.03 .75 1.46 i·•· 5.23 9.26 15.06 10.0 92.Blt • 81 1.60 .09 5.80 18:ij~ l 6.e3 20.0 97.17 .82 1.6¥ 3.18 6.04 17. 74 
,38:8 99.2j .71 1.4 tg~ 5.95 10.89 18.01 99.9 .~7 ••• 5.41 10.46 J7.J5 
- Table 3(a} -.... LONGlTUDJNAL,HEAT CONDUCTION EFFECT LONGITUDINAL·HEAT CONDUCTION EFFECT ..... 
• C"JN/CMAX= .90 CR/CMIN:1: 1.00 CHlll•"'AS••l.00 CMlN/CMAX= .90 CR/CHIN= 5.00 I HA I •:AS•:: 1.00 
~ 
~ E I --- CONDUCTION EFFECT, DE/E I E I - CONDUCTION EFFECT, OE/E 
~ LAMBDA--~- O.O __ !,_ 0.01 --- 0.02 ---- 0.04 ---- 0.08 ---- 0.16 -~-- 0.32 
I I 
------- . ~~~~~=--- o.o ----- 0.01 --- 0.02 ---- 0.04 ---- 0.08 ----. 0.16 ---- 0.32 .., NTUO NTUO 
"' 1.0 117.63 .39 ·'" 1.36 2.41 3.98 5.95 I .O 51. 10 •. 41 .78 1.45 2.56 14.22 6.31 ... 2.0 61.56· .53 1.03 1.94 3.53 6.08 9.62 2.0 68.56 .57 .10 2.07 3. 77 6.50 10.29 
3.0 68.46· .63 1.22 2.31 4.25 .7.37 1).81 3.0 77.36 .65 .26 2.39 4.41 7.70 12.113 •• o ,72e7lt. .71 1.37 2.61 4.79 8.32 13.34 •• o 82.64 .69 .35 2.59 4.80 8.45 13.76 
5.0 75.72 .77 1.50 2.86 5.24 9.07 llt.50 5.0 86.15 .72 .4 I 2.-71 5.06 a.96 111.65 
lO.O 83-29 1.02 1.97 3.72 6.71 B:~& 17 .. 85 10.0 94.01 
• 77 .52 2.96 S.60 10.07 16.68 
20.0 88.70 1.33 2.53 4.68 8.22 -20.65 20.0 98.13 • 71 .43 2.ae S.65 10.47 17.64 
1!8:8 92.46 1.·69 3.16 5.66 17:8~ 1 S .37 22.79 
40.0 99.71 .46 .04 2.37 5.15 10.17 17.71 
.95.55 2.21 3.97 6.79 n.oe 24.66 100-0 100.02 .11 .43 I .. 53 4.25 9.42 17.25 
CMI"N/CMAX= .90 CR/CMlN= 1 .. so I HA J •=AS•=l .00 CMIN/CMAX= .90 
CR/CMIN=I0.00 ( HA) •=AS•= J .00 
E I --- CONDUCTION EFFECT, OE/E I 
E I --- CONDUCTION EFFECT, OE/E 
. . I I 
I 
LAMBOA-- o.o ----- 0.01 --- 0.02 ---- o.o4 ---- o.oe ---- 0.16 ---- o.32 ~~~~~.A---- o.o ----- 0.01 --- 0.02 ---- 0.04 ---- o.oe ---- 0.16 ---- o.32 __ ;....;_ 
. NTUO 
NTUO 
1.0 49~58 .40 • 76 1.·41 2.so 4,;12, 6.16 
1 .o sf .. 22 .41 • 78 1 .115 2.57 4.23 6.,32 
2.0 65.46 .55 1.06 2.01 3 .. 67 6.33 10.02 
2.0 68.81 .57 1. 10 2.01 3. 77 6.50 10.28 
3.0 73.47 • 64 1.24 2.36 4.35 7.61 12.25 
3.0 77.67 .65 1.26 2.39 4.40 . 7.69 12.39 
4.0 78-41 -:~g J.37 2.62 4.84 a.so 13 .. 75 4.0 
82.98 .69 1 .35 2.58 4.78 8.41 13.66 
s.o 81.,81 1.47 2.82 5.23 9.18 111.86 . s.o 86.52 • 72 1.41 
2.10 5.03 8.89 14. 51 
10.0 90.10 .92 1 .. 80 3.115 6.38 1 1. 11' 17.88 
10.0 94.36 • 75 I. 49 2.90 5.49 9.88 16 .. 35 
20.0 95.113- 1 .. 06 2.08 .3.98 7.32 12 •. 66 20.,06 
20.0 98.36 .66 I .. 35 2.11i 5.42 10.11 17.13 
1i8:8 98.43 1.oa 2.15 
.4.20 7.82 13.53 "·il 40.0 ,gz:61 .39 "jl 2.14 4.80 9.67 17,.05 
99.96 .80 J.83 3.9l!- 7.76 13. 75 21. 2 
100.0 .01 • 2 1.29 3 .. 85 a.es 16.S I 
-I -.., = "' CMIN/CMAX= ,.90 CR/CMIN= 2.00 IHAl•=AS•::=1~00 CMIN/CMAX= ,.90 CR/CMIN:INflNITE lHAJ•:AS•=l.00 .., i3. ;;· E I --~ CONDUCTION EFFECTo DE/E -- I E I CONDUCTION EFFECT. DE/E = LAMBDA--- o.o __ !_ 0.01 --- 0~02 ---- 0.04 ---~ o.oe ---- o.16 ---- o.32 I LAMBDA-- o.o __ _!_ 0.01 --- 0.02 ---- 0.04 ---- o.oa ---- 0.16 ---- 0.32 "' = NTUO - NTUO -;;: 1 .o 50.30 .41 • 77 1.43 2.53 14. 17 6.23 1.0 51.26 .41 • 79 1.45 2.57 4.23 .~:~~ 
CD 2.0 b6.92 .56 1.08 2.04 3.12 6.111 
lC.16 2.0 68.89 .57 1.10 2.08 3.78 6.50 
3.0 75.30 .6. I .211 2 .. 37- 4.38 7.67 12.37 3.0 77.77 .65 1.26 2.39 4.1'0 7.;68 12 .. 35 
4.0 80.llO .70 l. 36 2.60 ll .83 a.so 13.80 4.0 83.10 .10 1.35 2.sa 4.78 8.38 13 .. 59 
·,6:& 83.85 • 7" 1.i14 2.11 s. 16 9 .11 111. E3 5.0 86.6il .73 I .41 2.10 
5.02 a.es 14.39 
91.99 .. , \.68 3.2ll 6.06 1 o. 72 17.45 10.0 91'.50 .76 1.49 2.89 s.Jts 9.75 16.05 
20 .. 0 9t..82 .. , 1 • 80 3.51 6 .. 62 11. 77 1'1. 12 20 .. 0 98.46 .65 1 .. 33 2.69 5.30 9.84 16. 57 
,%'6:?:i 99 .18 .79 \.6S 3.39 6.66 12 .11 19.85 ltO .. O 99 .. 81 .36 .86 2.04 lt .. 59 
9.24 16.23 
,99.BB .,o .ss 2.()0 5.97 11.66 '9. 71 100.0 100.00 .05 -27 1 .. 17 3.58 8.30 15-48 
Table 3(&J 













































19. 7 I 
'lh':\\1ft:~~}#,ii•·f:t~·. 1f"S'-;{:,,,\_i,f.\'11· ,,A:' :;:'.;s-'/'J::,'i/\(ij'/C;):, .. 
=i LONGITUDINAL HEAT CONOUCTION EFFECT = ... 
- CMIM/CHAX= .90· CR/CMIN= 1.00 
CONDUCTION EFFECT, OE/E 
0.02 ---- 0.04 ---- 0.08 
I HA I •=ASo= • 50 .. -.., 
= ~-= ... ... 
::,. 









































































1 .. B 1 
2.25 
2.73 
3 .. 33 
1.33 
1.87 
2 .. 21 
2.48 














CO~DUCTION EFFECT, OE/E 


































7 .. 111 
a.02 
8.71 














I HA I •=AS•= .SC 
o. 16 
11. 16 




l O .5 I 







19 .. IJ9 
(HA)u•AS•= .. SO 
I 
LAMBDA---- o._o ___ _!._ 0.01---- 0.02 ---- 0.04 ---- 0.08 ---- 0.16 ---- c.32 
l 
NTUO 
1 .o 51. 10 .40 .16 1 • 112 2.53 4.22 6.'.39 
2.0 68.56 .55 .01 2.02 3. 70 6 .ll3 IC.a 
3.0 77.311 .63 • 22 2.33 ll. 32 7 .. 61 12.36 ••• 82.62 .67 • 31 2.52 lj.70 8.34 1"3.65 s.o 66. 13 .70 .37 2.64 4.96 8 .84 14.51' 
10 .. 0 93.99 _,. ·"' 2.88 5.50 9 .95 1 t. !:5 20.0 98. 12 .68 .39 2.81 5.56 1 0 .36 17.52 2.32 s.oe 1 o.oe 17.60 110.0 99.70 ... • 0 l 
10_0.o 100.01 • IC . "' 1.119 4.20 9.31' n. 13 
CMIN/CMAX• ;90 CR/CM1N"'1NFINITE IHAJ••AS•,,. • 50 
E l CONDUCTION EFFECT, DE/E -- [ 
LA~BDA..:_- 0.0 __ .:...!_ 0q01 --- 0.02 ---- ·0.04 --- 0.08.---- 0.16 -~-- 0.32 I 
NTUO 
1 .o 51.26 .40 .11 ·1.42 2.54 4.23 6.40 
2.0 68.89 .56 1.07 2.03 3. 71 6.43 10.25 
3.0 11.11 .63 l:ii· 2.34 11.32 7·.58 12.28 •• o 83.10 .68 2.52 IJ.69 8.28 13. 50 
5.0 86.64 .10 1.37 2.64 4.92 8-74 ll!.31 
10.0 94.50 _,. 1.45 2.62 5.36 9.66 15.98 
20.0 98.46 .63 1-29 2.64 5.24 9.78 16.52 
110.0 99.B1 .35 .83 2.01 4.55 9.20 16.20 
























































































9 1. 81.j 
is:r! 
99.95 










CM lN/CMAX= .90 
E !-
CR/CMIN= 1.00 
CONDUCT ION EFFECT, DE'/E 




























CONDUCTICN EFFECT, DC/E 




























--- CONDUCTION EFFECT, CE/E 




































LAMBDA---- o.o ----- 0.01·--- c.02 ---- o.Oli ---- o.oe ---- 0.16 ---- C.32 
-----'--
NTUO 
1.0 51._ 10 .39 .76 1.43 2.59 l!.lj2 6.ea 
2.0 68.55 .54 1.os 2.01 3.72 6.55 10.58 
77.31:l .6·1 1.20 2.31 l!.32 7.67 12.ss 3.0 
.66 1 .29 2.49 11.68 e.37 13. 76 4.0 82.61 
1. 311 2 • 61 ij. 93 8.84 111.,59 5.0 86.12 .68 
. 10.;o 93.98 .73 1.44 2.84 5.114 9.811 16.118 
20.0 98:. 11 .67 1.36 2.11 s.so 10.27 17 ... H 
110 .. 0 9Ji.10 .43 .99 2.29 5.03 9.98 11.110 
100.00 • 09 ., . 1.1a ll. 111 9.23 16.90 lOQ.O 
CMIN/CMAX"' .90 CR/CMIN~INFINITE IHAJ•,..AS•"' .25 
E. l CONDUCTION EFFECT, DE/E 
I 
LAM!~~=-- O.O ----- 0.01 --- 0.02 ---- 0.04 ---- 0.08 ---- 0.16 ---- 0.32 
NTUO 
1 ~o 51.26 .,o • 16 1.43 2.60 11 .112 e.aa 
2.0 9·9:¥1 .55 1.06 2.02 3.73 6.55 10.57 3-0 .62 I. 21 2.32 4.32 7.65 12.49 
4.0 83.10 .66 1.30 2-119 lj.67 8.32 13.65 
5.0 86.64 .69 1.35 2.61 4.90 8.76 14. 41 
10.0 911.50 .12 1.42 2.79 5.32 9.64 16.01 
20.0 98.46 .62 1.27 2.60 s.20 9.76 16.53 .o.o 99.,81 .3" .82 1.98 4.52 9.19 16.20 
100.0 100.00 .os .26 l. IIJ 3. 55 8Q27 15.47 
l 
-~-_,,,,,<,0::;'.'.' .J • 
Summary and Conclusions' 
The numerical method presented is completely general for the 
problem of steady-state performance of the periodic-fl.ow heat 
exchanger with finite thermal conductivity in the direction of 
fluid fl.ow. The ranges of the governing parameters which have 
been covered are 
1. 0 ::S NTU 0 ~ 100 
l.O ) (hA)' ? 0.25 
1.0 ;?: As* ~ 0.25 
0.01 ( >. ( 0.32 
which is the range of interest for gas-turbine regenerator applica-
tion. The method itself is not restricted in range. 
The values of the effectiveness reported are good to four sig-
nificant figures while those for the conduction effect are good to 
three significant.figures. This reliability was obtained by extrapo-
lation of the results for a finite number of subdivisions to an 
infinite number of elements. 
It was found that the effects of (hA)* and As* on the heat ex:'· 
,changer effectiveness were sufficiently small that the results 
-could be presented graphically over a wide range of conditions 
to provide a rapid means of observing the influence of thermal 
conduction. 
I twas also found that for values of Cr/Cmin ): 10, the analytical 
,solution of Hahnemann for Cr/Cmin = co can be used, thus an 
upper bound on this finite difference method has been established. 
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APPENDIX 
The following is a list of the dimensionless coefficients for the 
finite difference equations (3), ( 4), (5), ( 6)," (9), (10), (11), and (12) 
in terms of the governing variables: 
2 The opinions and assertions of this paper are not to be construed 
as official or reflecting the official views of the Urrited States or 
Chilean Navy Departments. 
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Cmtn [ 1 ] I I TU [ ( I C, - ~ NTU 0 I+ (hA)' 2N E, = N o 1 + hA)'] ~ m11.x . r 2Nr 
c, Cmin ~ ~ E, .!!..r... ~
C=x Cmtn Nr Cmin Nr 
Cmin X--l_N, E, 
As* N, c, 
C=x 1 + As* 2 X 1 + As' 2 
c, C, + (1 + C,)(C, + 20,) E, E, + (1 + E,)(E, + 2E,) 







C, + (1 + C,)(2C, - C,) 
F2 = 
E, + (1 + E,)(2E, - E,) 
c, E, 
D, 
(1 + C,)C, F, (I + E,)E, c, E, 
D, 
1 - c, F, 1- E, 
1 + C, 1 + E, 
D, 
c, F, E, 







C, + (1 + C,)(C, - C,) F, E, + (1 + E,)(E, - E,) c, E, 
D, 
(1 + C,)C, F, (I+ E,)E, 
C, E, 
the Hahnemann solution for Cr/Cmininfi.nite [7]. 
In the Nomenclature of this paper, the variables used by 





A, = [I + (hA)']NTU 0 
I 
<I>, esa \ [I + (hA)']NTU,. 
The following abbreviations are then defined: 
o,=A,(;:u-1) 
o, -[ <1>,(u + I)+ ;: o-A,•] 
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v- <P a, 2 pcos---
3 3 
-2 vp cos ( ~ + f) a, ,, 
3 
-2 vp cos(~ - ;) a, ,r, - 3 
is then computeq as 
1 ·{r,3(1 + ,r) [ l--(~-~w~.~) d4 ~-~ 
P 1+a--' '• w, 
the quantity 
= (1 - ,ti)(en - er3) + ~ (1 - eT2)(er3 - er1) r, 
+ .cc (1 
r, 
r, + -(en 
r, 
DISCUSSION 
. .A. L. London' 
This paper not only provides definitive information for the 
•detrimental effect of longitudinal conduction, but it also extends 
1the NTU 0 range up to 100 for the effectiveness-number of 
-transfer units relations. The ext0nded range allows the designer 
1to consider .effectivenesses as high as 99 percent. Previous work 
:by Lambertson, stopped at NTU 0 = 10 and E = 91 percent. 
The information for the higher E ranges is of particular interest 
:in cryogenic plant ·applications where ineffectivenesses of the 
order of 1 _or 2 peroent ate the designer's ioal. Even in gas tur-
·hine applicati0ns, E ::,,: 95 percent, or 1 - E ::,,: 5 percent, are at 
,least pencil-and-paper goals today. 
It is very interesting to note, particularly for one addicted to 
·the slide rule, ,that the closed form solution obtained by Hahne-
.mann for C.,/Cmin = co is sufficiently complex (see last equation in 
·the Appendix)-so as to require a computer program to just handle 
·the coefficients as well as the final equation. Fortunately, these 
results are all tabulated as the last set of each table. They are 
,directly applicable .to direct-transfer counterflow exchangers. 
In the paper··the ,authors use IJ.E/E.,.,.,,_o versus A and NTUo 
-- ·for fixed magnitudes of Or/Cm1n, Cm.in/Cm.ax to "best" present the 
3 Professor of Mechanical Engineering, Stanford University, Stan-
·ford, Calif. Mem. ASME. 
· .Journal of Engin.eBring for Power 
influence of the conduction parameter; Figs. 3, 41 and 5. Another 
type of presentation that is possibly of more direct use to the 
designer would be 
LlNTUo/NTUo,A=O versus A and E 
for fixed magnitudes of CrfCmin and Cm;n/Cmax and preferably 
ineffectiveness ( 1 - E) instead of E would be better for E > 80 
percent. 
J. R. Mondt• 
Heat exchangers associated with various gas turbine cycle 
arrangements offer the potential for significant improvement in 
overall plant efficiency. This is particularly true for the regenera-
tive cycle which has been studied extensively during the past 
decade as a candidate for vehicle propulsion. The periodic flow 
heat exchanger is desirable for this application because of the 
high effectiveness and low pressure drop which can be· designed 
in a µnit with small volume and low weight. 
During the development program for the high performance 
rotary periodic-fl.ow heat exchanger for the General Motors Cor-
poration vehicular gas turbine, the deleterious effects of longi-
tudinal. thermal conduction in the solid have been investigated. 
A solution for infinite rotational speed; i.e., pure counterflow be-
havior has been obtained which is similar to that described by 
Hahnemann [7] and more recently Landau and Hlinka. 6 This 
solution has been employed to determine performance charac-
teristics of the vehicular gas turbine periodic-fl.ow heat· exchange!s. 
Bahnk.e ·and Howard as reported in their paper have extended 
the work of Lambertson [6] for finite rotation, to include simul-
taneous finite rotation and finite thermal co"nduction. This 
represents a technological advance in the analysis of periodic-flow 
' heat exchanger performance for which the authors deserve con-
gratulations. The terminology employed and range of dimen-
sionless parameters covered by Bahnke and HoWard are suf-
ficient to encompass conditions encountered with most gas tur-
bine regenerator requirements. 
The purpose of this disCussion is to confirm the validity of the 
results presented in the basic paper as well as deScribe two methods 
of presen.ting the quantitative results in a inanner which have 
Proved very· convenient and useful to the regenerator develop-
ment program at General Motors. 
For discussion purposes three cases involving a selected set of 
parameters have been chosen as indicated by Table 4. These are 
all for pure counterflow behavior since this is the solution availa-
bleat General Motors. 
Table 4 
C~~~/Cme.x (hA)' ~ A,' fJ1/Cmin 
Case I 1.0 1.0 00 
Case II 1.0 0.50 00 
Case III 0.90 0.50 00 
Case I represents the "balanced" heat exchanger. A closed 
form solution for eff°ectiveness can be obtained for this simplified 
case from the solution reported by Hahnemann [7]. 
,, ~ 1 - 1/(1 + NTU 0 - <NTU,'/a') (13) 
where 
K £ 4 - (8/a)[l - (1 - •-•)/sinh a] 
a £ 2 V(NTUo)' + (NMo)o 
where 
(N Mo)o 4: NTUo/Atot 
4 Senior Research Engineer, Engineering Development Depart-
ment, General'Motors Research Laboratories, Warren, Mich. Assoc. 
Mem.ASME. 
6 H. G. Landau and J. W. Hlinka, "Steady-State Temperature Dis-
tribution in a Counterflow Heat Exchanger Including Longitudinal 
Conduction in the Wall,'' ASME Paper No. 60-WA-236, De.Cember, 
1960. 
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Cases II and III are for (hA )* = 0.50, which is more appropriate 
for vehicle gas turbine regenerators, and Cmin/Cmax of 1.0 and 0.90, 
which would encompass almost all capacity rate variations ex-
pected. 
The information calculated at General Motors Research for the 
three selected cases is presented by Figs. 6 and 7 using f = 
q'>{NTUo, (NMo)oJ, The (NMo)o conduction parameter 6 is the ratio 
of convective heat-transfer rate to conduction rate. When corre-
lated in this manner the effect of variations in (hA)* from 0.50 
to 1.00 are negligibly small ( accurate to four significant digits) for 
the cases being considered. 
Inspection of Figs. 6 and 7 readily reveals the possibility of a 
heat exchanger design with high NTU 0 and corresponding high 
ideal effectiveness, but a serious reduction in effectiveness be-
cause of conduc.tion. For many cases the designer can attain 
higher net effectiveness with less surface area in a design to 
minimize conduction loss. 
Another feature of this correlation procedure is related to off 
design performance of a specific design vehic~lar gas turbine 
6 This conduction parameter {NMo)o, has been dubbed the "Mondt 






periodic-flow regenerator. The small hydraulic radii combined 
with low mass velocity (required for low pressure drop) generally 
dictate laminar or viscous flow such that the basic surface con-
vective behavior is described by NNu = const. 7 Thus the heat-
transfer coefficient is not a function of flow rate. However
1 
variations in NTU 0 will result since NTUo is inversely propor-
tional to Cmin• 
If the convective heat-transfer coefficient is not a function of 
flow rate (NMo)o is not a function· of flow rate and off design will 
be along a line of constant (NMo)o. Desirable operating condi-
tions for a design are those which result in operation on or near 
the maximum of the (N Mo)o curve for the NTUo spectrum dic-
tated by the flow rate variations for the application. 
Also presented in Figs. 6 and 7 are calculated values obtained 
directly from the tabular information presented by Bahnke and 
Howard. A comparison of the /J.t/ E magnitudes calculated by the 
various techniques is presented by Table 5 for the three selected 
7 J. R. Mondt, ''Effects of Longitudinal Thermal Conduction in the 
Solid on Apparent Convection Behavior, With Data for Plate-Fin 
Surface," 1961 International Heat Transfer Conference, Boulder 
Colo. ' 
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Fig. 6 Correlation of effectiveness with conduction, Cases I and II 
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Fig, 7 Correlation of effectiveness with conduction, Case Ill 
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cases. Deviations in Ae/ E are in general less than 1 percent, 
which is evidence of the validity of the calculated results and re-
flect deviations in calculated effectiveness less than 0.1 percent. 
Experimental confirmation of the calculated performance has 
been obtained with full size tests of rotating periodic-flow heat 
exchangers as part of the General Motors vehicular gas turbine 
program. 
Figs. 6 and 7 are required to correlate information for Omin/Omax 
of 1.0 and 0.90, respectively, primarily because effectiveness with-
.Journal ofEngineering for Power 
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out conduction is strongly dependent upon Cmin/Cme.x• How-
ever, the effectiveness loss or decrement for constant NTU 0 and 
constant (NMo)o is not so strongly dependent on Cmin/Cmo:x, This 
suggests a correlation of conduction decrement, Ae, as a function 
of NTUo for various magnitudes of (N Mo)0• This is presented by 
Fig. 8 for a few (NMo)o magnitudes. Additional data can be ob-
tained from Figs. 6 and 7 if desired. The region of most interest 
is probably confined within an area in Fig. 8 bounded by Ac of 
0.05 and 4 < NTUo < 40. In this region the conduction lpss can 
be obtained within the uncertainty of ±0.0025 for 0.90 < Cmtn/ 
Cma.x < 1.0, even with double interpolation for (lVMo)o and 
Cmin/Cma.x• 
Since the information presented by Figs. 6, 7, and 8 dOesnotin• 
volve finite periodicity, these graphs can be used to evaluate 
direct transfer counterflow heat exchanger performance including 
the effects of-longitudinal conduction in the solid. 
Authors' Closure 
The authors wish to thank Professor London and Mr. Mqndt · 
for their exqellent and well-presented discussions. With refer-
ence to Professor London, the choice of the word "best" was 
probably not the best to describe our method of presenting the 
results; we should have said ''the most economical'' method, since 
the method used actually consumed less computer time and re-
quired fewer -gl"!J.phs than other methods of presentation. As 
Profes_sor LondOn has suggested1 a representation as illustrated in 
Fig. g with an NTUo decrement and a no-conduction effectiveness 
versus the no-conduction NTUo might. be more useful for initial 
design purposes. Such a representatl.on as Fig. 9 can be ob-
tained from cross plotting the values given in Tables 1,2, and 3. 
The utility of Fig. 9 is seen from a simple example: for a design 
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